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Rate theory basis

- The actual material with its microstructure is replaced by an
(&) effective homogeneous medium.

- All processes occur continuously in space and time.

* The evolution of one object embedded in the effective medium is
described by an ordinary differential equation (rate theory).

*The number density of objects must be low enough (dilute limit).

Effective medium

—> %2

G, k2

Object j embedded in
the effective medium.
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A simple case : only single point defects evolution

(&) Constant microstructure assumption

elimination on sink of type p

creation || recombination emission from sink of type p
ocC
V — 2 2 e
=G, -R Dicc, ->k; D, c, +>k; D,
t P p
oc,

—1=G,-R D¢, -Xk:Dc,
ot p

The whole physics is contained in the rate coefficients G, D, k
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¢

Rate constant calculations

The point defect flux towards the considered sink | S
calculated by resolving the diffusion equation at st ationary
state with limit conditions properly chosen.

Integration over the « surface of the sink ».

Multiplication by the « number density » of the consi dered
sinks.
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Example: Cavity sink strength
Simplest method

CE:) Point defect captured by a voids made of n vacancie s:

C,=C;S at r)
DZCV — O v V,C nv
C,=C, a R
|r?\>’ :4nrn‘\’/DV (Cv —q‘fc) rrx/ capture radius
—>

op — Y
| OV = | OB _ | Oav | .7 =4mr D,.c,
nv nv nv

| 9™ = 47rr¥ D,CS

nv —v>v,c

. 2 _ . . L
Then: K = Amrr C Where C,_, is the number density of cavities
containing n vacancies.
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Cavity sink strength
Self consistent method (R. Bullough)

Cavity of radius  r',how embedded in an effective medium in
which vacancy are homogeneously created at a rate GV and that
contained sinks for vacancy of sink strength kv2 :

1°C,-D,k’c, +G, =0

K, = 47TIC, LK)

n o nv ~’nv

Multi-sink correction
often negligible in actual conditions
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Bias coefficient

Cea If interaction energy  E petween the point defe  ct of a type and the
object, capture coefficient solution of :

d*C, +LDCUDEG =0
kT

Instead of calculating the interaction energy the i nteraction very often
treated phenomenologically by  multiplying the capture radius by a
coefficient Z

Ky oo =4TTT0Z0C,, Z /' bias coefficient of the
object . NA for point

defects of type [3
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Dislocations sink strength

¢S _ kf,a =Z/p,, with 0O, dislocation density

If no interaction between point defect a and dislocation:
Z a Zﬂpd

. -1/2

If significant interaction:

277 bl+v)V,
a — Py o= H LV, r relaxation volume of the

“In(R/ ry) T 6(-v)kT 9 point defect of a type.

- not only proportional to the sink density
* an additional ferm contains also the sink density = the multi-sink correction.

Often simplified: as the relaxation volume is considerably larger for
interstitial than for vacancy Z; =1 and Z, =1.1 or 1.2
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Grain boundary sink strength

g=9 For the point defects of a type
k> = 6_k0'
gb,a d

The multi sink effect cannot be ignored for grain boundaries.
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Properties of point defect:

reminding

H, H) vV, | H H" | W
Ni |1.6 1.1 .20 |=4.0 |0.15 |1.8
Fe |1.6(2.0)|1.3(0.6) |-20 |=4.0 |0.3 1.1
Zr [>1.35 |.77? 05 |? 026 |.6
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Calculated single point defect evolution in iron

Iron, 2 10-8dpa/s, 300C, low dislocation density..

0 o

le+16F = =
le+14 —
_— \\\
"PS ™ =i (CF
8 le+12 Y. [ ¥ =
&) "
le+10 _
1le+08 -
£ | | | | |
le-15 / 1le-12  1e-09 1le-06 0,001 1
dpa
Recombination beginning SIA reach the sinks vacancies reach

the sinks
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Point defect: stationary state
If ¢,<<¢ Op

Stationary state satisfies D, C, 2> kvz,p = Dic X kiz,p
p p

Point defect stationary concentrations

'Sink dominant regime : . _ G c=_06
o v o D k 2 | D 2
v Z V,p i Z k' P
p p
* Recombination dominant regime : 0
2
GzK, | [ CPZk
CV — P > C| - RDZZkIZ
RDVZ kv,p [ n i,p
Y
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Growth velocity of point defect clusters at

point defect at stationary state
a3

Z;D,c, =Z,D¢c
Growth velocity of a void of radius I,

da. Q -
e ==2{z'D,c, - Z!Dc -
Z(\:’:Z('::]_ dt e Zd

If the mean bias of the medium is the same as bias coefficient
for voids (the object we are here interested by):
dr,
dt
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Rate theory for the clustering of point defects :

cluster dynamics

e=9 - Based on rate theory
* Gas of clusters embedded in an effective homogeneous
medium - Only applicable to diluted object

- Positions of the objects are not considered: (Price to pay to
reach large fluences considering a representative volume of materials).

Evolution of the number density of a cluster of | kind

Effective medium
Q) Object j embedded in the
effective medium.
(j = nature, size, composition, etc. of
the clusters)

O
O

I:IO ad
I -—e
|
O !
O
o
)
32
l
>

o -
1
O
=)
!
3

dc,
dt

In principle able to treat nucleation, growth and coarsening of point
defect clusters or precipitates (homogeneous precipitation)

=Z‘Jman _Z‘Jnaq +Gn - KnCn
m q
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Basic master equation

e Inon = 2 W .nCry
dC
dt

- = C-:'n +Zwm_>ncm _an_»qcn - Kn(':n
m g
All the physics is contains in the coefficients G(j ), w(k,), K,

But N, (cluster sizes) = number of differential equations limited by
the ability of computer and by the CPU time.
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Treatment of large clusters

To reach large cluster sizes (>2nm), two methods:

SS9

 Transformation of the discrete general equation into a
continuous Fokker-Planck type equation.

20 = 2 [t 9]+ 2 ldeco]

To solve the continuous equa’rlon Dlscr'e'rlza'red with Ax increasing with x

e discrete % continuous

New numerical scheme always stable © V. Duwig et al.

Grouping method: a group represented by one element . Golubov (2001)
Distribution characterize only by:
- The first moment of the distribution (conservation of the cluster
number)
- The second moment of the distribution (matter cons ervation)
Two times more equations
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A simple case : precipitation in dilute solid solut lon

« only single B atoms are mobile
=9 « only single B atoms can be emitted from a precipitat e
» spherical precipitates of n solute atomes

— — ﬁnB
‘JmB Sng IBnB ClB CnB anB +1CnB +1 /

T
/BnB = 4'ITnB DlB e @

a, =4m, _1%exr{(GnB - GnB_1 - 1)/kT]

Capillary model

G,, =2n, u(C2)+ %AG ve(c9)+ (576702 n2% g,
p

a, = 4nrnB_1%ex;{(576ﬂ§22)1/3{n§’3 o, —(ng-No, |- 015}/ kT]

anB A G nuc
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Al ;Sc precipitation in Al_Sc0.18at% solid solution

<r>;,12 350°C Cluster dynamics

(nm) Exp. data : Novotny 0
. Marquis O
- ] KMC =

* 8 i

Density
-3
(pr.m 7)

7.5%10% t
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Aging time (s)
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Clouet et al 2006
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Point defect clustering under irradiation.

Pont defects are not conservative : creation and el

Imination

OBJECTS

SIA clusters = dislocation loops

Vacancy clusters = dislocation loops, voids, stacki

ng fault tetraedra

L7 R "oy
recombmcus cap‘rur‘gu a8 %o
g+, 0
. o 8
t:l_lsswcm'ho X {;m|§s/|:
o \ V/S
M

Typical ODE in a simple Wb B
case: only SIA's and / W
vacancies are 3D mobile m a0
ani — i v i

dt i + (lg(n—l)i Cli )C(n—l)i +(18(n+1)i C1v + a(n+1)i )C(n+1)i

~(ay+ ByC, + BiC, )G,
ﬁ_G]J ﬂ2|C1vC2| C, Zﬂmcml ﬂJJCZ C, Zﬂm\/cmv
_IBJJCJJClv"'ZamiCmi +a2iC2i Z mv mv_KiC]j

If cluster are 3D mobile, equations simply more complicate

ICTP-IAEA Workshop, Rate theory (Barbu3)

11/12/2008, 15h45




Kinetic coefficient for 3D mobile objects

nv+my o (n+m)v

Aoy
a, v

mv
nv -

r

Capture and emission
by point defect clusters

IBEI = 4mnr:/N(Dnv + Dmv)
0’:]/\/ = 4”(\:1—1)va expeErll?\,/ / kT)

nv

Importants parameters

D, =D,,expE. /KT)
Ef

n

Ef — Ef _EzB n2/3
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Continuous i1sothermal irradiation.

Point defect clusters in the FeCu 0.1 at% continuousl vy

irradiated with 1 MeV electrons

0

1.2e+16 —
7 le+17 —
le+16 —e— 3000s
- 900 s —— Calculated
i . .
] 300 < Experimental
Be+4+15

Fi (cm3nm?)

Nt (cm3)

le+16 —

»
DI I2| I4I Iﬁ (5] 10 12 14 D.DllDllEIi | [I).DEJIEIE | ID.E;DEI | IE).DIIDEEI | [IZJ.DI|[)24
R (nm) 1/TK
Interstitial loop distributions
Emi (eV) | EB2i(eV) | Emv (eV)
Only single SIA and single-vacancies mobile. 0.3 1.2 1.36
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Effect of spatial correlations

A full multi-scale modeling: isochronal recovery of ultra
(&) pure Fe electron irradiated at 4K.
Comparison between CD, KMC.

1-5 I T LR | L] I L ! L] ! LI L | ] LI L] 'I LI LI ! L] ! | I L]

% Ipz
0.1
8 o o _— L T F | -
o § % v PIpE e CD before stage I, (only FP)
? 2 10k i -=.=: CD befora stage Il (only FP) )
8 = : ——~— CD before stage Il (Jerk population as input)
o . = —= JERK
8 o
8 o E —
%o . § DA
L=
% o i :
? 00800 150 200 250 300 5 400
T(K)

Correlations between
vacancies and SIA even
under electron irradiation

CD given good results only if a short KMC annealing at stage I is
performed to erase correlations.
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Displacement cascade correlations

Strong correlations in displacement cascades
0 (neutron and ion irradiations)

The point defect cluster distribution cannot be directly taken as the point
defect sources in RT equations.
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Example: point defect clusters in neutron

Irradiated iron
Parameters for small point defect clusters from ab initio

calculations. — Only Frenkel pairs

— Molecular dynamics cascades

Only isolated Frenkel pairs __ Fitted source term on
%2211 M.olecular dyngmics casc.:ade exper'imen’rs (Kr' 2 MeV ions
o without annealing [Domain, EDF]

qsg 105 Fitted cascade and BR2 neutrons)
g 18°
g 30"
§ 10’

10°
% 10°

ot n 1® 100 1000

CIGRS" SizlTim)

Interstitial dislocation loops, Fe, 300°C,BR2
M. Hernandez CTEMAT)
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Neutron irradiated iron (2)

de+14 T T T E.u:“:lll ; | ; | i | ; | ; |
0.062 dpa
0.12 dpa =
3e+14} 0.25 dpa 7 E 1awi0'
o "
E E
c =
'c 2e+14 i I R— |
< g " |
£ o
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L=} il
1 14+ — i i
et 2 sovio® (K
ko
0
% 10 20 30 20 oo | ISEERRRRREER A LA ———
R (nm) a0 40 i
Interstitial loop distribution _ Diamétre (nm)] .
- Interstitial dislocation loobs. Fe. 300°C,BR2
8e+17F ' ‘ ‘ . 005 T——————————————— T)
0.062 dpa 0.04 -
6e+17+ 0.12 dpa 7 T O P DA ajusté
0.25 dpa 5 0.03 4 Bergner et al. |

2 hm?)

de+17} B

FRV (cm

Fractioh volumique (n
o
o
N
1
1

2e+17} 4 0.01 - _
0.00 . ——————— .
ol _I 0 3 4 5 6
0 0.5 1 15 2 Rayon (nm)
R (nm)
Cavity distribution Comparison with experimental (SANS)

vacancy distribution
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Conclusion

Cluster dynamics (based on rate equations) modeling
remains a very interesting method to simulate the
long term evolution of materials.

Low computational cost compared to OKMC

Allows very long time evolution of a representative
volume of materials impossible to obtain with KMC.

Being based on an homogenization procedure, care
must be taken when spatial correlations are
Important.
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Long term evolution modeling of clusters

+~— atoms ——

mic Kinetic
nte Carlo
T (AKMC)

Microchemical
changes

N

Lattice (atoms,
mono-defects)
Concentrated
alloy.

V =104 um?3
t =10 jumps

e Atom or defect on
every lattice site

e Jump probabilities
of atoms

e Interactions
between atoms

»
>

gas of clusters

Full thermodynamics

Object Kinetic
Monte Carlo
(OKMC)

Point defect
clusters

e

Lattice

Objects = point
defects, dilute
solutes and their
clusters on array

V =~10* tm3,
t ~ limited (T, G dependent

» Gaz of cluster

* Jump probabilities
of objects

f
° (*)0( ) E cluster: rc

Event Kinetic
Monte Carlo
(EKMC)
Point defect
clusters

No lattice
Objects = point
defects, dilute
solutes and their
clusters

V ~ 104 ums3;
t ~ limited (T, G dependent

» Gaz of cluster

» Probability of
reaction between
objects

¢ D E cluster’

Cluster Dynamics
(CD)
(Rate theory)

Point defect
clusters

Rate equations
(homogeneous in
space and time)
Number density of
objects / cm?3 (point
defects, solutes and
their clusters)

V unlimited
t unlimited

» Gaz of cluster

* Set of ODE

oC,
—L=F(C,,C,,-.
5 GG

¢ D E cluster’
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Long term evolution modeling: precipitation, segreg
< gaz of clusters —

P
<

§

atoms >
- Atomic Kinetic Self Consistent
Monte Carlo Mean Field
(AKMCQC)
Microchemical Transport
changes coefficients Lij

Z
/ [ L 7 7 7

/L [ 7 7 7
Z

Lattice (atoms,
mono-defects)

Concentrated
alloy.

V =104 1m3

t =10 jumps
« Atom or defect on
every lattice site

» Jump probabilities
of atoms

* Interactions
between atoms

Full thermodynamics

(Microchemical
changes)

Lattice (atoms and
mono-defects)
Atom embedded in
the mean medium.
Concentrated alloy.

* Jump probabilities
of atoms

e Interactions
between atoms

ation

Full thermodynamics

- OKMC
- EKMC
- CD (MFVISO)

Dilute alloys

Transport phenomena
and thermodynamics
only partially taken
into account
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